The problem of environmental disturbances in Digital Holographic Interferometry has been addressed in this investigation. Disturbances may be caused by vibrations, air turbulence or the presence of scattering particles and the effect of them might significantly prevent spread of the technique into a wider area of application. To handle the problem with air turbulence a temporal sequence of an event is analysed and the effect on the motion and phase of the speckles is analysed and described using statistical measures. The effect of the medium will be fed back to the sequence using an adaptive filter and the undisturbed phase evolution estimated. The principle is demonstrated using a heat source placed in between the object and the CCD camera as the disturbance on a simple tilt experiment. The presence of scattering particles is more intriguing and has to be dealt with separately. In this investigation we adopt the technique of lowcoherence interferometry to depth-code the holographic images acquired. The seeding of the pulsed Nd:YAG laser source used is shut off that results in a coherence length of about one cm. The paper shows a few preliminary results from a simple wavepropagation experiment.
INTRODUCTION
Imaging interferometers in speckled light have some very promising applications in process monitoring and nondestructive testing. Because of their inherited ability to produce quantitative images, their accuracy, resolution, ease of calibration, and ability to isolate specific components in space they seem an ideal candidate for on-line quantitative monitoring of high-demanding processes, for example micro-machining or precision soldering. Examples of applications of speckle interferometers outside a research environment are however rare. The main reason for this is that interferometers are easily disturbed by anything that changes the optical path, for instance vibrations and moving air, or scatters the light. The effects of disturbances on the measurements are threefold. Small vibrations or changes in the medium cause phase drifts and ghost fringes and will lead to misinterpretation of the measured quantity. If the spatial gradients of the disturbances are large the information may be lost completely due to speckle motions and scatters may deteriorate or even decorrelate the information completely.
There are several things that can be done experimentally to reduce the effect of these disturbances. One of the most efficient ways is to use a pulsed laser. 1 With an exposure time of only a few nano-seconds basically any mechanical disturbance is frozen and stable interferometric images can be acquired without vibration isolation. Combining the phase extraction with speckle correlation has opened up the possibility to determine the phase changes even though large relative motions are present in the images, a possibility that significantly has improved the usefulness of speckle interferometers. [2] [3] [4] Another way is to image 5 or re-image 6 the optical system in a plane where the speckles remain stationary during deformation. Doing so motion induced de-correlation can be kept to a minimum and the fringe contrast is always kept on the highest possible level. Perhaps the most promising technique to make a noise immune speckle interferometer is to use a low coherence light source. 7 With a low coherence light source a volume in space is defined within which the information detected is isolated. This means that all scatter, stray light and other disturbances that happens outside of this volume efficiently are filtered out. A combination of all three techniques; that is using a pulsed low coherence light source and a set-up that minimises speckle motions is possibly a fruitful approach for high demanding applications of Digital Holography in the future. Even though the influence of many disturbances can be eliminated through a proper choice of experimental set-up the problem with phase fluctuations in the air still remains an unsolved problem.
In this paper we address the problem of having moving air in the measurement volume and show some preliminary results of an approach to resolve the correct phase changes in interferometric measurements. Further we show a few preliminary results from a disturbed low coherence interferometric measurement. Section 2 describes the two experimental set-ups used in the investigation and some preliminary results, section 3 describes the approach to make the measurements less susceptive to noise, and the paper finishes with a few concluding remarks and references.
EXPERIMENTAL SET-UPS
Two experimental set-ups were used in the investigation. Both set-ups are sensitive to out-of-plane deformations i.e. having a sensitivity vector pointing along the optical axis of the imaging system. Both set-ups use the same camera, a high-quality cooled digital camera with 12 bit greyscale resolution and a 1280 x 1024 square pixel CCD array (PCO sensicam). The images were transferred to the PC through a frame grabber allowing the maximum image frequency of 8 Hz. The exposure time can be controlled from 1 µs up to 10 ms. All images are acquired using a spatial carrier produced by letting the reference light fall with an angle different from the object beam onto the detector. Hence, the complex amplitude of the object beam can be extracted from every image using a simple windowed two-dimensional Fourier transform. 8 A photograph of the first set-up is seen in Figure 1 . The light source in this case is an ordinary 10 mW cw Figure 1 . A photograph of the first experimental set-up. The set-up consists of a holographic unit (1), a box with heat elements and fans to create air disturbances (2) , a steel plate rigidly attached at one end (3), and a laser vibrometer (4).
He-Ne laser wherefore the exposure time is controlled from the camera. A box with heat elements and fans are put in front of the holographic unit to produce a disturbed environment. The heat elements and the fans can be controlled individually to produce a desired level of disturbance. The object is a cantilever steel plate rigidly attached along one side and loaded using an electromagnet from the backside of the plate. In the experiments a laser vibrometer is used as a reference to keep track of the undisturbed deformation.
Two views of the second set-up are shown in the photographs in Figure 2 . The laser seen in the background of the left photograph is an injection seeded twin cavity pulsed Nd:YAG laser (Spectron SL804T) operated at the green wavelength (532 nm in TEM00 mode). The beam is expanded by a negative lens and the reflection from the front surface of this lens is coupled into a single mode optical fibre and used as reference light. The output end of this fibre is seen at the front of the left photograph where the reference light is made to interfere with the object light in the plane of the CCD array. The right photograph in Figure 2 shows the object used for the low coherence experiments. A portion of the light from the laser is redirected and focused onto the backside of the object, a white-painted 1 mm thick metal plate placed in the black cylinder ring seen in the centre of the photograph. As the laser fires a heat pulse will be generated in the metal plate and a bending wave starts to propagate. In front of the object a beam splitter is placed and below the beam splitter a horizontal white-painted plate is positioned. Because of the beam splitter both plates will be imaged onto the CCD. The horizontal plate however is positioned about 5 cm further away from the CCD than the actual object and serve as a false object in the experiment. The seeder within the laser can be either turned on or turned off during an experiment. If the seeder is turned on the laser has a very well defined wavelength and successive laser pulses are coherent, even between the cavities. However, if the seeder is turned off the coherence length drops to about one centimetre. A simple experiment demonstrating this is shown in Figure 3 . In this recording the beam-splitter in front of the object was removed and the object was rotated 43 degrees around the vertical axis. The image in Figure 3 shows the phase map obtained by comparing the phases between two recordings taken of the same object but using pulses from different cavities when the seeder is shut off. As seen about 8 mm of the object shows a stable phase which corresponds to a coherence length of about 1.5 cm in each pulse. Comparison between an undisturbed phase evolution (left) and a disturbed phase evolution generated by a heat source (right).
PRELIMINARY RESULTS
A comparison between an undisturbed phase evolution in one subarea of the plate and a disturbed generated by a heat source is seen in Figure 4 for a stationary object. The measurement time is 45 seconds in both cases and the sampling rate was 8 Hz. It is seen that the phase fluctuations are about 10 times as high in the disturbed case. It is also interesting to note that even though these measurements were performed at night with the ventilation turned off, with no activities going on in neighbouring laboratories, and on a vibration insulated table the phase still fluctuates as much as a few tenths of radians over the measurement time due to moving air. Comparing the spectra of the two curves in Figure 4 we see that one effect of having a more profound air disturbance is that the spectra become wider, and hence more high frequency components are introduced in the time evolution. This is in agreement with common sense since eddies are introduced by the heat source and these eddies will moderate the refractive index in the air at a smaller scale. Results from a measurement through an undisturbed environment are seen in Figure 5 . The load is driven in a sinusoidal like mode and images are sampled at 8 Hz. The small metal piece seen to the right in the left image is a reference piece that remains stationary and will be used to estimate the influence of the air on the phase map. The parallel fringes clearly indicate that the plate bends as expected and that the influence of air disturbances is negligible in this measurement. The results from the same experiment with the heat source turned on are seen in Figure 6 . The fringes that were parallel in the undisturbed case are now disturbed by the moving air and it is difficult to judge what sort of deformation is going on in the plate. It is interesting though to note that the spatial scale of these disturbances is very large in relation to the pixel size and therefore the critical parameter to resolve is the fluctuations temporally. The right image shows the phase evolution in three subareas of the plate. The lower green curve is the phase evolution in the reference piece and the upper two curves are the phase evolution in two areas of the deforming plate. One interesting observation is that the noise induced by the medium appears to be correlated with the phase fluctuation in the plate and can therefore be compensated for. The next step in this investigation is to apply an adaptive filter whose parameters are decided by the measurement in the phase evolution in the reference piece and applied on the moving parts. This work is in progress and will be presented in a coming paper.
One result from the low coherence experiment is shown in Figure 7 . The horizontal noisy strip seen in both images is a rod in the beam splitter holder. The left image shows the phase map with the seeder turned on and the right image shows the same experiment but with the seeder turned off. In the left image it is obvious that false fringes are introduced in the results if light from other scattering areas are allowed to interfere onto the detector. With a low coherence light source, however, the effect of such surfaces are effectively cancelled and results can be isolated in space. 
CONCLUSIONS
Preliminary results from an investigation of digital holographic interferometry in a disturbed environment have been reported. Although speckle interferometers in many respects seem perfect for high demanding process monitoring they are easily disturbed and the results may be difficult to interpret or even completely destroyed. In this paper we show that pulsed low coherence light sources are efficient for taking away disturbances from other scattering surfaces. We further show that results from a stationary object visible in the image have the potential to be used as a tool to filter out disturbances caused by phase fluctuations in the imaging medium. Those results will be reported in a coming paper.
